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OBJECTIVES This study was designed to examine if exercise-induced ischemia initiated late precondition-
ing in humans that becomes manifest during subsequent exercise and serial balloon occlusion
of the left anterior descending coronary artery (LAD).
BACKGROUND The existence of late preconditioning in humans is controversial. We therefore compared
myocardial responses to exercise-induced and intracoronary balloon inflation–induced isch-
emia in two groups of patients subjected to different temporal patterns of ischemia.
METHODS Thirty patients with stable angina secondary to single-vessel LAD disease underwent
percutaneous coronary intervention (PCI) after two separate exercise tolerance test (ETT)
protocols designed to investigate isolated early preconditioning (IEP) alone or the second
window of protection (SWOP). The IEP subjects underwent three sequential ETTs at least
two weeks before PCI. The SWOP subjects underwent five sequential ETTs commencing
24 h before PCI.
RESULTS During PCI there was no significant difference in intracoronary pressure–derived collateral
flow index (CFI) between groups (IEP  0.15  0.13, SWOP  0.19  0.15). In SWOP
patients, compared with the initial ETT, the ETT performed 24 h later had a 40% (p 
0.001) increase in time to 0.1-mV ST depression and a 60% (p 0.05) decrease in ventricular
ectopic frequency. During the first balloon inflation, peak ST elevation was reduced by 49%
(p  0.05) in the SWOP versus the IEP group, and the dependence on CFI observed in the
IEP group was abolished (analysis of covariance, p 0.05). The significant attenuation of ST
elevation (47%, p  0.005) seen at the time of the second inflation in the IEP patients was
not seen in the SWOP patients.
CONCLUSIONS Exercise-induced ischemia triggers late preconditioning in humans, which becomes manifest
during exercise and PCI. This is the first evidence that ischemia induced by coronary
occlusion is attenuated in humans by a late preconditioning effect induced by
exercise. (J Am Coll Cardiol 2003;41:1174–82) © 2003 by the American College of
Cardiology Foundation
It is now established that ischemic preconditioning is a
biphasic phenomenon with a first window of protection
developing within minutes of a brief ischemic insult but
lasting only 1 to 2 h and a second window of protection
(SWOP) developing between 12 and 24 h but lasting for 3
to 4 days (1,2). The SWOP, also known as late or delayed
preconditioning, has important therapeutic implications
because, unlike the first window, it can protect against both
myocardial stunning and infarction (3). Furthermore, con-
trary to the first window or early preconditioning, tolerance
does not occur, because repeated triggers prolong the effect
(4). Thus, despite a lesser magnitude of cardioprotection,
the second window has a number of advantages over the first
window of preconditioning. Hence, evidence that the
SWOP exists in humans would provide a major impetus to
the development of therapies for maintaining the heart in a
continuously preconditioned state. Unfortunately, the exis-
tence and relative importance in patients of a SWOP after
brief ischemia remain controversial. Nonetheless, the recent
observation of pharmacologically triggered late protection in
humans implies its presence (5).
Despite a number of studies suggesting that warm-up
angina may be a clinical surrogate of early preconditioning,
there have been only two studies investigating the existence
of a late warm-up effect as a surrogate of late precondition-
ing (6,7). These studies, which measured ischemic thresh-
olds in patients undergoing serial exercise tolerance tests
(ETTs) separated by 24 h, reached opposite conclusions.
This may in part be due to the fact that both failed to
control for collateral flow and neither performed a third
exercise test on the first day to demonstrate the disappear-
ance of early preconditioning and to exclude improvements
in exercise performance resulting from training. Further-
more, neither study attempted to reproduce observations in
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animals by examining the effect of late preconditioning on
myocardial ischemia induced by controlled coronary artery
occlusion.
Despite these disparate findings with protocols designed
to induce late preconditioning, clinical data from our group
and others agree that early preconditioning, initiated by
either exercise or percutaneous coronary intervention (PCI),
occurs in patients and is independent of collateral recruit-
ment (8,9). Because, in animal studies, the initiation of early
preconditioning presages late preconditioning, our aim was
to investigate their relationship in a homogeneous group of
patients with an isolated and discrete stenosis within the left
anterior descending coronary artery (LAD) in whom distal
collateral support was measured.
METHODS
Subjects and groups. Patients with stable angina due to
isolated LAD disease, with a normal resting electrocardio-
gram (ECG) and normal left ventricular function, were
allocated to two groups. The first group, designed to
investigate isolated early preconditioning (IEP group), un-
derwent serial exercise treadmill tests at least 14 days before
PCI. The second group, designed to investigate the SWOP
(SWOP group), underwent serial exercise testing 24 and 4 h
before PCI. The patients were carefully matched for prox-
imity of the LAD stenosis and exercise performance to
angina. The effects of early and late preconditioning on
ischemia induced during serial balloon inflations were ex-
amined by comparing these two groups of patients (Fig. 1).
Calcium antagonists, angiotensin-converting enzyme inhib-
itors, nicorandil, -blockers, long-acting nitrates, and sul-
fonylureas were discontinued for at least 48 h before exercise
and/or PCI. The theoretical risk associated with abrupt
cessation of -adrenoceptor blockers required patients to
reduce their dose by 50% for 48 h before stopping medica-
tion completely. Patients receiving long-acting L-type cal-
cium channel blockers were instructed to stop their medi-
cation seven days before exercise and/or PCI. In addition,
for the 48 h before exercise and/or PCI, patients were
discouraged from activities likely to induce angina or require
the symptomatic relief of short-acting nitrates. The St.
Thomas’ Hospital research ethics committee approved the
study, and written informed consent was obtained from
each patient.
Exercise protocol. All patients were exercised at 9 AM and
instructed not to take caffeine for 24 h before their test. In
both groups of patients, the first test was considered the
baseline test, and the second was separated from the first by
a 15-min rest period. A third exercise test was performed
after a further 90 min of rest and was used to control for a
possible training effect. The SWOP patients underwent an
additional pair of ETTs, separated by 15 min of rest, 4 h
before PCI (Fig. 1).
The ETTs were performed using the standard Bruce
protocol on a Quinton Q5000 exercise treadmill (Quinton,
Seattle, Washington). Twelve-lead ECG tracings were
obtained every 20 s, and blood pressure was recorded at
baseline, peak exertion, 0.1-mV ST depression, every 3 min
during exercise, and every 2 min during recovery. The level
of the ST segment measured 0.08 s after the J point was
calculated after signal averaging using the computer-assisted
Abbreviations and Acronyms
ANCOVA  analysis of covariance
ANOVA  analysis of variance
ATP  adenosine triphosphate
CFI  collateral flow index
ECG  electrocardiogram
ETT  exercise tolerance test
HR  heart rate
IEP  isolated early preconditioning
iNOS  inducible nitric oxide synthase
LAD  left anterior descending coronary artery
PCI  percutaneous coronary intervention
RPP  rate pressure product
SWOP  second window of protection
Figure 1. Study protocol. Patients were divided into two groups: isolated early preconditioning (IEP) and second window of protection (SWOP). In the
IEP group, serial exercise tests were performed at least 14 days before elective percutaneous coronary intervention for single-vessel left anterior descending
coronary artery disease. In the SWOP group, exercise was 24 h and 4 h before PCI. Solid rectangle  treadmill exercise tolerance test. Cross-hatched
rectangle  180-s intracoronary balloon inflation.
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system on the Q5000. ST segment deviation was also
checked manually by a blinded investigator to ensure that
the computer interpretation was not affected by conduction
defects, arrhythmias, or a wandering baseline. The lead with
the greatest ST segment deviation was used for subsequent
analysis. The ventricular ectopic beat frequency was also
recorded. Chest pain severity was recorded every minute
using a subjective scale of 0 to 10 (0  no pain; 10 severe
pain). Criteria for terminating the exercise tests were as
follows: 1) physical exhaustion; 2) severe chest pain; 3)
attainment of maximal age-related heart rate (HR); 4) ST
depression 0.4 mV; or 5) occurrence of severe dysrhyth-
mias (supraventricular arrhythmias causing hemodynamic
compromise or ventricular tachycardia). The primary end
point was time to 0.1-mV ST depression. Secondary end
points were rate pressure product (RPP) at 0.1-mV ST
depression, exercise duration, and ventricular ectopic fre-
quency during the last minute of exercise.
PCI protocol. THE MEASUREMENT OF PRESSURE-DERIVED
COLLATERAL FLOW INDEX (CFI). The CFI was measured by
the physiologic derivation of collateral flow from coronary
occlusion pressure (Poccl) according to Pijls et al. (10). An
0.014-in. pressure sensing wire (PressureWire RADI Med-
ical Systems, Uppsala, Sweden) was set at zero and cali-
brated before being passed through the coronary guiding
catheter. Pressure traces recorded from the guide catheter
and pressure sensing wire were verified for concordance in
the aortic root. The pressure wire was then passed into the
distal LAD beyond the target lesion. The CFI was calcu-
lated from the mean coronary occlusion pressure (Poccl, mm
Hg), coronary sinus pressure (CS, mm Hg), and the aortic
pressure (Pao, mm Hg) using the equation: (Poccl 
CS)/(Pao  CS).
Each patient underwent two intracoronary balloon infla-
tions of 180 s duration separated by at least 5 min of
reperfusion. The balloon was deflated prematurely only if
the patient experienced one of the following: 1) severe chest
pain; 2) systolic blood pressure drop of 30 mm Hg; or 3)
sustained ventricular tachycardia or complex ectopy (cou-
plets, early ventricular ectopy with the R-wave falling on or
within 40 ms of a T-wave, or sustained ventricular bigem-
iny). Between inflations, the balloon was withdrawn from
the lesion site, with continuous monitoring of distal coro-
nary artery pressure. Nitrates and opiates were withheld
until completion of the protocol; if necessary, benzodiaz-
epines were used to sedate the patient.
ASSESSMENT OF MYOCARDIAL ISCHEMIA. A 12-lead sur-
face ECG was recorded before and every 30 s during
inflation and reperfusion. Maximal ST segment deviation
during PCI was derived from anonymized ECGs by a
blinded reviewer. Chest pain severity was scored by the
patient at 60-s intervals during balloon occlusion on an
analogue scale from 0 to 10 (0  no pain; 10 severe pain).
Ectopic beat frequency and the occurrence of any ventricular
tachycardia or fibrillation were recorded. The diagnosis and
quantification of arrhythmias conformed to the Lambeth
conventions.
Statistical analysis. One-way or two-way repeated-
measures analysis of variance (ANOVA) were used to
analyze continuous variables, as appropriate. Post hoc con-
trasts between groups at an individual time point, or within
a group at different time points, were performed with a
Student t test for unpaired or paired data using the Bon-
ferroni correction. A chi-square test was used for compari-
son of categorical variables between groups. Analysis of
covariance (ANCOVA) was employed to assess the differ-
ences between least-square regression lines. Data are ex-
pressed as mean  SE. A p value 0.05 was considered
statistically significant.
RESULTS
Patient characteristics and clinical data. There were no
statistically significant differences in the characteristics of
the patients within the IEP and SWOP groups with respect
to age, gender, prevalence of cardiovascular risk factors, and
use of anti-anginal and lipid-lowering drugs (Table 1). The
proximity and severity of LAD stenoses were also similar.
Exercise ECG. The main findings on exercise are summa-
rized in Table 2. All the patients achieved at least 0.15 mV
of ST segment depression on first exercise. There were no
significant differences between the groups in times to
ischemia during exercise 1.
The data obtained during the series of exercise tests on
the first day in the SWOP group parallel the changes in the
IEP group. On day 1, the second compared to the first effort
in the SWOP group showed an enhanced duration to
0.1-mV ST depression (29% increase, p  0.005) and RPP
at 0.1-mV ST depression (18% increase, p  0.005). This
effect had declined on the third effort 90 min later. This is
consistent with our previous reported findings in early
preconditioning (8). Patients in the SWOP group under-
went further exercise the following day (Fig. 1). However,
the fourth effort performed 24 h after the first effort showed
a return of the enhanced exercise time (increased by 40%
compared with effort 1, p  0.001) and RPP at 0.1 mV of
Table 1. Patient Characteristics and Clinical Data
Early
Preconditioning
(n  15)
Late
Preconditioning
(n  15)
p
Value
Age, yrs 58  9 58  12 NS
Men (%) 91.6 83.3 NS
Risk factors (%)
Systemic hypertension 25 73 NS
Diabetes mellitus 0 0 NS
Hypercholesterolemia 41.7 60 NS
Medication (%)
Beta-blockers 60 53 NS
Nitrates 53 73 NS
Calcium antagonists 17 53 NS
Lipid-lowering agents 41.7 60 NS
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ST depression; an improvement usually associated with
second effort. This effect was maintained on the fifth and
final exercise test performed 15 min later. There was no
evidence of a further significant improvement in the time to
0.1-mV ST depression or RPP on the fifth effort compared
with the fourth effort. Thus, although patients usually
benefit from recent exertion, as seen comparing the first and
second efforts in both groups, this benefit was not seen
between the fourth and fifth effort despite identical rest
periods and exertion protocols. This effect was not associ-
ated with any difference in that rate of change of HR and
systolic pressure from baseline to 1-mm ST depression
between ETT 1 and 4 (0.13 [0.01] beats/min/s and 0.11
[0.03] mm Hg/s on ETT 1, respectively and 0.13 [0.02]
beats/min/s and 0.11 [0.02] mm Hg/s on ETT 4,
respectively). There was a 60% reduction in the incidence of
ventricular ectopics at peak exercise on ETT 2 in the
SWOP group, mirroring the findings in the IEP patients.
However, this effect was carried over to ETT 4 and 5, 24 h
later, indicating that protection against dysrhythmia on
exercise is also a manifestation of SWOP.
PCI. There were no significant differences in either the
location or severity of the LAD stenoses between groups.
Furthermore, the CFI was equivalent in both groups at
180 s of balloon inflation. There were no significant changes
in the mean or peak CFI between the two balloon occlu-
sions in each group (Table 3).
A number of important differences between the two
groups were identified during the PCI protocol. First, the
peak amplitude of ST segment elevation on inflation 1 was
49% less in the SWOP group than the IEP group (p 
0.03). Second, the significant attenuation of ST segment
elevation seen on second inflation in the IEP group (47%
reduction, p  0.005, ANOVA), and reported by others
and us previously, was not seen in the SWOP group (Figs.
2 and 3). These differences in objective measures of ischemia
were also reflected in subjective chest pain scores, with a
reduction in symptoms on second coronary artery occlusion
occurring only in the IEP group.
The possibility remains that these altered patterns of
symptoms and measures of myocardial ischemia are related
to differences in the amount or pattern of collateral recruit-
ment caused by recent exercise-induced ischemia in the
territory rendered ischemic by balloon occlusion. However,
this explanation is not supported by the relationship be-
tween CFI and peak amplitude of ST elevation on first
balloon occlusion (Fig. 4). The regression lines in the IEP
and SWOP groups differ significantly (p  0.05 by AN-
COVA). However, on the second occlusion the IEP group
regression line gradient changes such that it is no longer
significantly different from that of the SWOP group.
Therefore, myocardial ischemia, as measured by ST seg-
ment deviation, was less marked in the SWOP group
through mechanisms independent of collateral flow. The
significantly shallower slope of the SWOP group (Fig. 4)
Table 2. The Effect of Serial Exercise in Early (IEP) and Late (SWOP) Preconditioning Groups
Exercise Test
p Value1 2 3 4 5
Test duration (s)
IEP 514  63 545  58 516  62 NS
SWOP 605  56 606  62 605  57 640  71 607  68 NS
Time to 0.05 mV (s)
IEP 245  40 347  48‡ 324  68 0.001
SWOP 297  49 430  73§ 305  62 373  71† 389  68§ 0.001
Time to 0.1 mV (s)
IEP 312  50 438  54‡ 372  55 0.001
SWOP 400  59 516  70‡ 457  74 561  63§ 526  64§ 0.001
Heart rate at 0.1 mV (beats/min)
IEP 118  4 130  4§ 123  4‡ 0.001
SWOP 121  7 136  8 130  7 140  7 138  8 NS
Rate pressure product at 0.1 mV
(mm Hg/min)
IEP 19,432  1,104 22,334  1,292‡ 20,637  1,302 0.001
SWOP 19,986  1,692 23,613  2,026‡ 22,766  1,901 23,785  1,613‡ 22,584  1,599† 0.001
Maximal heart rate (beats/min)
IEP 138  5 144  5* 139  5 0.01
SWOP 140  7 143  7 141  7 144  7 147  7 NS
Maximal rate pressure product
(mm Hg/min)
IEP 24,571  1,070 26,035  1,127† 24,675  1246 0.01
SWOP 25,130  1,809 26,147  1,877 25,740  1777 26,079  1696 27,151  1,615 NS
Ectopic rate at peak exercise (beats/min)
IEP 18  6 3.8  1.3* 13.3  4.5 0.05
SWOP 7.6  2.4 2.3  0.9* 8.7  3.6 3  0.9* 2.6  0.9* 0.001
*p  0.05, †p  0.01, ‡p  0.005, §p  0.001 versus ETT 1. p  0.05 between groups on the same ETT.
ETT  exercise tolerance test; IEP  isolated early preconditioning; SWOP  second window of protection.
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suggests that factors distinct from collateral flow contrib-
uted to the amplitude of ST-segment change.
Thus, for all durations of ischemia examined, the depth of
ischemia as measured by ST elevation is less 24 h after
exercise, and this is not related to augmentation of collateral
flow.
DISCUSSION
This is the first clinical study to conclusively demonstrate
that 24 h after exercise-induced myocardial ischemia there is
an enhanced resistance to further ischemia caused by both
exercise and coronary artery occlusion. The time course,
degree of protection, and independence from collateral
recruitment are consistent with late preconditioning. Be-
cause exercise performance to angina returned to baseline on
an intermediate third exercise test, this phenomenon is not
due to training. We have therefore documented that the
appearance of a first window of protection, which fades by
90 min, is followed by the appearance of a second window
at 24 h.
The use of ST-segment deviation. Surrogate models of
early preconditioning, in common with the model we
describe here, are heavily reliant on the use within a single
patient of ST-segment deviation as a measure of ischemic
severity. Based on experiments in mice with, and without,
an ablation in the gene encoding the sarcolemmal adenosine
triphosphate (ATP)-sensitive potassium channel, it is now
clear that opening of this channel during early ischemia
accounts for ST-segment shift (11). Intracellular ATP
markedly reduces the probability that this channel will open
(12). Thus, ST-segment deviation is at least in part an
indirect measure of intracellular ATP depletion during
ischemia. It is therefore perhaps not surprising that in
animal experiments the changes in ST deviation with
repeated bouts of myocardial ischemia have been shown to
be a reliable and true measure of the presence or absence of
ischemic preconditioning, providing the sarcolemmal ATP-
dependent potassium channel is allowed to open normally
(13,14). We therefore believe, as do other investigators, that
within an individual patient the amplitude of ST segment
shift is a reliable index of severity of ischemia. In clinical
studies, ST-segment changes correlate with both metabolic
and myocardial functional parameters during myocardial
ischemia (15–18). Indeed, the change in chest pain score
between inflations mirrors the changes in ST elevation in
each group, thus providing two clinical end points that
demonstrate the effect of late preconditioning on severity of
ischemia during PCI (19).
The relative magnitude of early and late protection.
Using ST-segment shift as a readout of the severity of
ischemia, Billinger et al. (20) reported that the increase in
CFI measured on serial balloon occlusions accounts for only
30% of the reduction in ST elevation. The implication was
that early preconditioning is responsible for up to 70% of
the protection observed in a similar PCI model. This
observation is in keeping with those made within our study
in the IEP group. However, an interesting change occurs in
the pattern of the relationship between peak CFI and
Table 3. Myocardial Hemodynamic and Ischemic Changes During PCI
Early Preconditioning
(n  15)
Late Preconditioning
(n  15) p Value
LAD lesion data
Diameter stenosis pre-PCI (%) 91  1 92  2 NS
Proximal LAD (pre-1st diagonal) 73% 73% NS
Mid LAD 27% 27% NS
Collateral flow index
1st occlusion 0.15  0.13 0.19  0.15 NS
2nd occlusion 0.15  0.13 0.18  0.14 NS
Peak ST elevation (mV)
1st occlusion 0.59  0.11 0.29  0.08 0.02
2nd occlusion 0.30  0.07* 0.29  0.06 NS
Chest pain score (0–10)
1st occlusion 6.1  0.9 5.1  1.0 NS
2nd occlusion 4.5  0.8† 4.7  0.9 NS
Systolic pressure (mm Hg)
Pre-1st occlusion 108.1  3.9 119.3  5.9 NS
180-s 1st occlusion 117.3  5.9 126.8  9 NS
Pre-2nd occlusion 112  3.4 129.5  7.4 NS
180-s 2nd occlusion 115.7  5.1 131.5  9 NS
Rate pressure product (mm Hg/min  103)
Pre-1st occlusion 7.2  0.7 8.25  0.5 NS
180-s 1st occlusion 7.6  1.1 8.2  1.0 NS
Pre 2nd occlusion 7.4  0.3 9.1  0.6 NS
180-s 2nd occlusion 8.4  0.6 8.7  1.0 NS
*p  0.05, †p  0.005 vs. 1st occlusion. Paired and unpaired t tests were performed within and between the IEP and SWOP
groups, respectively.
IEP  isolated early preconditioning; LAD  left anterior descending coronary artery; PCI  percutaneous coronary
intervention; SWOP  second window of protection.
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maximal amplitude of ST elevation in patients in the
SWOP group. As the square of the correlation coefficients
indicates, the individual variation in collateral flow could
explain 42% and 2% of the variation in ST elevation in the
IEP and SWOP groups, respectively. This difference be-
tween the two groups is most likely due to collateral
flow–independent reduction in ST elevation by the SWOP
which is manifest most clearly in the hearts with more
severe ischemia due to a lower CFI. Because these patients
had evidence of late preconditioning on exercise testing
Figure 2. Pattern of ST-segment deviation in the second window of protection (SWOP). Panels A and B are representative electrocardiograms (ECGs)
taken from a patient in the SWOP group with a collateral flow index of 0.2. Panel A shows the appearance of precordial ECG leads V4 and V5 at 5 min
of exercise on efforts 1 to 4 (see Fig. 1). In this particular example, the attenuation of ST depression seen on exercise treadmill test (ETT) 2 versus ETT
1 is less marked, though still apparent, on ETT 3. A similar trend was seen in the group data (Table 2). However, on ETT 4, performed 24 h after ETT
1, the attenuation of ST depression is at least as marked as on ETT 2. Panel B is from the surface 12-lead ECG recorded after 180 s of the first and second
intracoronary balloon occlusions. In contrast to patients in the IEP group, there is no attenuation of ST elevation on the second balloon occlusion.
Furthermore, in the grouped data (Table 2) the magnitude of ST elevation on first inflation is less than in the IEP group.
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immediately before PCI, it is likely that this phenomenon
“carried over” to PCI. The fact that there is a significant
reduction in the degree of ST elevation between occlusions
in these patients is compatible with animal data that show
that acute preconditioning may not add significantly to
SWOP (21). This may be due to the fact that in the
SWOP-protected heart, ischemia severity is sufficiently
attenuated that it fails to reach the threshold necessary to
trigger early preconditioning, although it seems 5 min of
ischemia may be sufficient to add to late preconditioning in
one animal model (22). Thus, our use of 180-s rather than
120-s coronary occlusions (5) should have resulted in a
suprathreshold preconditioning stimulus. However, a recent
study suggests that even 180 s is close to threshold in
patients older than 65 years (23).
Mechanisms of myocardial protection initiated by exer-
cise. Exercise is recognized as an independent factor in
cardioprotection. Epidemiologic studies have demonstrated
that it diminishes cardiovascular risk by enhancing lipid
metabolism, reducing obesity, and increasing insulin sensi-
tivity (24). A number of the physiologic effects of exercise
could account for its myocardial protective properties. In in
vivo animal models with normal coronary arteries, exercise
(25) can induce cardioprotection in a manner analogous to
that of more classical triggers of late protection such as
hyperthermia and myocardial ischemia-reperfusion. Thus,
there may be physiologic changes triggered by exercise that
act independently of the myocardial ischemia that we
documented. This is consistent with the emerging debate
that surrounds the mechanistic relationship between
warm-up angina and early preconditioning (26). Heat shock
protein production secondary to hyperthermic or ischemic
stress is established as one of the mechanisms of protection
activated during delayed preconditioning (27,28). There is
evidence from animal studies that coronary endothelial
levels of constitutive nitric oxide synthase are elevated after
exercise (29), which can trigger inducible nitric oxide
synthase (iNOS) induction and thus delayed precondition-
ing (30). These mechanisms match the time course of the
protection demonstrated in this clinical study. Indeed, Bolli
(31) has demonstrated that the delayed infarct sparing
effects of exercise, nitric oxide donors (nitroglycerin and
S-nitroso-N-acetylpenicillamine), and 1-opioid agonists
are completely abrogated in iNOS/ knockout mice.
Moreover, Leesar et al. (5) have demonstrated that exoge-
nous nitric oxide donors can trigger late preconditioning in
patients with coronary artery disease.
Study limitations. Inherent within the interpretation of
our study are a number of assumptions. We have concluded
that the increased exercise performance on efforts 4 and 5 in
the SWOP group is a manifestation of late preconditioning.
This assumption is based upon the similarity in CFIs
between groups. Although CFI is a valid determinant of
myocardial ischemia during balloon inflation, it may not
precisely reflect collateral recruitment during exercise, which
may have differed between efforts 1 and 4 in the SWOP
group. If this was the case, the reduced measures of
myocardial ischemia on exercise, but not coronary artery
occlusion, may not have been due to a late preconditioning-
like effect. However, Bogaty et al. (32) have shown that the
attenuation of ST depression during warm-up angina of
early preconditioning is not associated with significant
changes in the extent or intensity of single-photon emission
computed tomography with sestamibi deficits on perfusion
imaging. There is no significant difference in the rate of
change of HR and systolic pressure to 1-mm ST depression
between ETT 1 and 4. This supports the contention that
regional blood flow did not differ significantly in the LAD
territory on ETT 1 and 4 as these are determinants of
collateral flow and MVO2. A myocardial perfusion study
during late preconditioning would need to be undertaken to
fully address this question.
Similarly, we found it difficult to control for other
possible interfering effects such as silent myocardial isch-
emia between exercise efforts and PCI. However, because
exercise performance to angina was similar, such episodes
are likely to have been balanced between groups and not
have contributed to the late preconditioning effect.
Figure 3. ST-segment elevation during the first and second intracoronary
balloon occlusions of the left anterior descending coronary artery in early
and late preconditioning groups. With increasing duration of ischemia, the
attenuation of ST elevation seen on the second compared with the first
occlusion is apparent only in the early preconditioning group. In addition,
the absolute magnitude of ST elevation on occlusion 1 is less in the SWOP
than in the IEP group (see Table 2). Two-way repeated-measures analysis
of variance was performed with post-hypothesis testing to compare the
degree of ST elevation between inflations 1 and 2 at 30-s intervals, having
examined the effects of time, treatment, and group. *p  0.05, †p  0.01
for occlusion 1 versus occlusion 2.
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The characteristics of the patients as listed in Table 1
show a tendency for hypertension to be more prevalent in
the late preconditioning group. This may also have contrib-
uted to a tendency to an increased use of calcium antago-
nists, lipid-lowering drugs, and perhaps nitrates in this
patient group. Because these therapies were discontinued
for at least 48 h before exercise or PCI, we think it is
unlikely that intergroup differences in these anti-anginal
agents contributed to our results. In addition, any contri-
bution, as a result of incomplete washout, would have been
to increase performance on efforts 1, 2, and 3 rather than on
exercise 4; as was observed. Nonetheless, it is possible that
this intergroup imbalance contributed to our findings in an
unspecified manner.
This study shows that a delayed preconditioning effect
can be demonstrated in humans which attenuates myocar-
dial ischemia caused by either increased demand on exercise
or reduced supply on intracoronary occlusion by a balloon.
This effect is able to increase ischemic thresholds during
exercise by as much as 42% and reduce the ST elevation
caused by coronary artery occlusion by 49%. These obser-
vations support the concept that a clinically significant
degree of ischemic protection is induced 24 h after myocar-
dial ischemia. This phenomenon may enable adjunctive
therapies to reduce the symptoms and manifestations of
coronary artery disease.
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